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Abstract
Runoff from the urban environment is a major contributor of non-point source contamination for many estuaries, yet the ultimate fate of this stormwater within the estuary is frequently unknown in detail. The relationship between catchment rainfall and estuarine response within the Sydney Estuary (Australia) was investigated in the present study. A verified hydrodynamic model (Environmental Fluid Dynamics Computer Code) was utilised in concert with measured salinity data and rainfall measurements to determine the relationship between rainfall and discharge to the estuary, with particular attention being paid to a significant high precipitation event. A simplified rational method for calculating runoff based upon daily rainfall, subcatchment area and runoff coefficients was found to replicate discharge into the estuary associated with the monitored event. Determining fresh-water supply based upon estuary conditions is a novel technique which may assist those researching systems where field-measured runoff data are not available and where minor field measured information on catchment characteristics are obtainable.
The study concluded that since the monitored fresh-water plume broke down within the estuary, contaminants associated with stormwater runoff due to high precipitation events (daily rainfall > 50mm) were retained within the system for a longer period than was previously recognised.
Introduction
Estuaries are highly valued regions both economically and biologically and their shores often the site of large conurbations. Based upon estimates of annual primary production, estuaries are among the most productive of all ecosystems (Schlesinger, 1997) . Contamination associated with urban activities may adversely impact on the health and productivity of organisms reliant on estuarine systems. Improved understanding of the relationship between urbanised catchments and estuary health would assist better management of the estuarine environment. Whilst point sources of pollution may be identified and practices implemented to remove any future threat these pose on the environment, non-point sources of pollution present more of challenge for management.
The Sydney estuary around which the urban hub of Sydney has developed, plays a part in everyday life for many Sydneysiders with multiple uses as a transport corridor and recreational playground. Previously, the estuary had an important industrial role and the foreshores were home to a variety of industrial activities, including chemical and paint factories, power stations, slaughterhouses, refineries, shipping and cargo wharfs and naval facilities. Most of these activities have been relocated; still legacy contaminated sediment remains on the estuary bed. The catchment is highly urbanised (86%) and currently, the major source of estuarine contamination is via stormwater pollution (Birch and Taylor 2000) , which continues to supply contaminants to the water body.
The rainfall regime in the Sydney area is characterised by generally dry conditions punctuated by infrequent, high-precipitation events (rainfall > 50mm/day).
Under dry-weather conditions the estuary is well-mixed and contaminants associated with stormwater runoff deposit close to discharge points becoming permanently trapped in estuary embayments. Runoff from the catchment increases rapidly during high-precipitation events and on reaching the waterbody forms a buoyant layer above saline estuarine waters. Under these conditions, contaminants associated with stormwater runoff may migrate beyond off-channel embayments and depending on the intensity of the storm, the plume may reach the main estuary channel even exiting the estuary mouth (Birch and Taylor, 2004) . The ultimate fate of contaminants associated with fresh-water plumes generated under these conditions is largely unknown.
Prior to the present study, minor research had been conducted to describe fresh-water plume behaviour in the Sydney Estuary. Wolanski (1977) described the behaviour of buoyant fresh-water plumes in the upper 4 km of the estuary from the headwaters to the eastern side of Homebush Bay (Figure 1 ). The fresh-water plume he described was short-lived and moved down-estuary on top of the marine water on the ebb tide remaining largely stationary during the incoming tide. Some fresh water migrated down-estuary possibly flushing into the lower estuary (Sydney Harbour). It was found initially that tidal turbulence mainly affected fresh water at the fresh/saline water interface where fresh water became entrained downward through the water column. Approximately 5 days following the high-precipitation event, tidal turbulence had significantly mixed the plume causing it to disperse (Wolanski, 1977) . Taylor (2000) also documented the presence of a fresh-water plume in Iron Cove, an offchannel embayment on the southern shoreline of the estuary. Taylor (2000) found that following a high-precipitation event, sediment supply to the bed (i.e. settling) of the embayment was suppressed. Under these conditions terrigenous sediment was retained in the upper, fresh-water plume and was transported beyond the embayment and into the main estuary channel.
The first objective of the present study was to extend the description of freshwater plume behaviour to describe salinity distributions throughout the entire system from the headwaters and embayments to the estuary mouth following a highprecipitation event. To monitor and describe the observed fresh-water plume, salinity profiles were obtained from between 26 and 34 sites over 3 days following a highprecipitation event-thus recording temporal and spatial changes in fresh water distribution throughout the estuary. The average return interval of the monitored event was 1 year. Secondly, a hydrodynamic model, which could be used to replicate the generation of fresh-water plumes in the estuary, was constructed and validated. The hydrodynamic model was verified with respect to water level, cross-sectional discharge and current velocity. Given the lack of field data relating to fresh water runoff from the catchment, the verified hydrodynamic model was used to determine the appropriate rainfall/runoff relationship capable of replicating the measured response in the estuary to the high-precipitation event. Lastly, utilising the hydrodynamic model, plume break down and the time taken for the system to return to well-mixed (quiescent) conditions was predicted.
This study is the first to document three dimensional salinity distributions throughout the entire Sydney Estuary in response to a high-precipitation event and is the first attempt to provide a verified model of fresh-water plume behaviour throughout the whole system. The model will provide valuable information on the fate of stormwater and associated contaminants supplied from the catchment and will be a valuable aid in formulating strategies for management of this iconic waterway.
Materials and Methods

Site Description
The Sydney Estuary is a microtidal (maximum tidal range = 2.1m) drowned river valley (Roy, 1983 ) with a meandering main channel approximately 30 km in length (Figure 1 ). Sydney Harbour and Port Jackson are only parts of the estuary (McLoughlin, 2000a; Birch and Murray, 2009) . In the present work we refer to the 'Sydney Estuary', which includes all submerged areas to low water and excludes the northern arm of the estuary -Middle Harbour -which acts hydrodynamically as a separate entity. The waterway covers approximately 50 km 2 , and drains a highly urbanised (86%) catchment approximately 500 km 2 (Birch and Taylor, 2004 ).
The waterway is geometrically complex and bathymetry is irregular (1 to 46m deep with a mean water depth of 13m). The Parramatta, Duck and Lane Cove Rivers are the largest tributaries of the system (Figure 1 ). During dry weather conditions fresh water discharge is low (< 0.1 m 3 /s at all discharge locations) (Rochford, 2008; Birch and Rochford, 2010) and salinity throughout the estuary is vertically homogeneous (Hatje, 2001a) . Both low fresh-water discharge and tidal turbulence contribute to well-mixed estuarine conditions with salinity ranging from 27 PSU at the headwaters to 35 PSU at the estuary mouth in the absence of precipitation.
Flushing rates throughout the estuary differ significantly with estimated flushing rates reaching 225 days (Das, et al., 2000) . 
Rainfall Distribution
To describe the spatial and temporal variations in rainfall across the catchment associated with the monitored high precipitation event rainfall distribution was mapped using daily rainfall data collected by the Bureau of Meteorology, from 26 locations within the catchment (see Figure 1 ) and an additional 8 sites within 5 km of catchment boundary. A linear relationship was assumed for spatial data interpolation using the ArcGIS mapping software. These maps give an indication of the intensity and duration of the high precipitation event across all subcatchments. Each high precipitation event is unique and recording rainfall data and measuring related freshwater plume development, allows relationships between catchment rainfall distribution and corresponding estuary salinity distributions to be identified.
Field measurements of fresh-water plume behaviour
To record the structure of the water column within various parts of the estuary a Figure 2a .
Maps of surface water salinity were generated using ArcGIS mapping software from data collected from between 24 and 34 sites, 0.5m below the water surface for each day of monitoring. Estuary profiles describing vertical salinity distributions along the axis of the estuary were generated from data collected down the water column at 15 to 17 main channel sites for the three days of monitoring.
A linear relationship was assumed between the data points and for the surface water salinity maps, data were bounded by a polyline representing the Sydney estuary shoreline. Hamrick 1996) . Pre-and postprocessing was conducted using EFDC-Explorer (Craig, 2005) .
Cross
EFDC has been applied to numerous surface water systems throughout USA including Chesapeake Bay (Hamrick, 1994a) , the Indian River Lagoon (Moustafa and Hamrick, 1994, Moustafa, et. al., 1995) Lake Okeechobee in Florida, Peconic Bay in New York (Tetra Tech, 1999) , St Louis Bay, Mississippi (Liu, et. al., 2008) and the Palmico River Estuary (Xu, et. al., 2008) . Additionally EFDC has been utilised for hydrodynamic and water quality studies in the Asia Pacific, including the Yellow Sea between mainland China and the Korean Penisula (Luo & Li, 2009 ), Kwang-Yang Bay, Korea (Park et al, 2005) and the Tasman/Golden Bay system in New Zealand (Tuckey, et, al., 2006) . The modelling package is capable of simulating one or multidimensional flow, transport and bio-geochemical processes in a variety of aquatic systems and has been successfully applied to lakes, rivers, reservoirs, estuaries, coastal lagoons, bays and wetlands (Hamrick, 1992b; Zarillo and Surak, 1995; Yang, 1996; Kuo et al., 1996; Zarillo, 1998; Shen et al., 1999; Ji et al., 2000; Lin and Kuo, 2003; Shen and Haas, 2004; Park et al., 2005; Shen and Lin, 2006; Lin et al., 2007 Lin et al., , 2008a Xu et al., 2008; Liu et al., 2009; Huang et al., 2009 ).
EFDC has the capacity to model eutrophication processes, sediment transport and fate of dissolved and particulate phases of contaminants. In the present study only applications simulating hydrodynamics, salinity and temperature were utilised. Many aspects of the computational schemes in EFDC are equivalent to the Princeton Ocean Model (POM) developed by Blumberg and Mellor (Blumberg and Mellor, 1987 ). The EFDC model domain is described using curvilinear orthogonal horizontal coordinates and sigma vertical coordinates. The equations of momentum are solved on a staggered or C grid using second-order accurate spatial finite differencing. Time integration is conducted using a second-order accurate three-time level, finite difference scheme. By implementing the Mellor-Yamada level 2.5 turbulence closure scheme as modified by Galperin et al. (1988) for the two turbulence parameter transport equations, EFDC also solves the dynamically coupled transport equations for turbulence length scale, turbulent kinetic energy, salinity and temperature.
A Langrangian particle transport transformation scheme and an arbitrary number of Eulerian transport-transformation equations for dissolved and suspended materials are also incorporated within the EFDC model package. Wetting and drying is simulated using a mass conservation scheme.
Model Set Up
The RGFGrid software developed by Delft Hydraulics (now Deltares) was utilised for grid construction. Care was taken to include all tributaries and embayments in the model domain whilst accurately following the meandering path of the main estuary channel. The horizontal grid consists of 12309 cells with an average cell size of 70m x 62m. Up to 15 vertical sigma layers were utilised.
Model bathymetry was based upon GeoSwath data collected within the Sydney estuary by GeoAcoustics for the Shallow Water Survey, 2003. Grid cells located adjacent to headlands or islands were manually edited using bathymetric survey maps as a reference.
The hydrodynamic behaviour of the Sydney Estuary is driven by tidal forcing at the mouth. To replicate this behaviour an open boundary was instituted incorporating the grid cells across the mouth (Fig. 2b ) and a file describing predicted water level due to tides at Fort Denison (Fig 2b) uniformly applied to the boundary.
The Foreman Tide program (Foreman, 1977) was used to generate the water level file.
Given that the tidal lag for the entire estuary is approximately 10 minutes, using data from Fort Denison to represent estuary mouth water levels was deemed appropriate.
To simulate wetting and drying, dry and wet depths were set to 0.07m and 0.11m, respectively with a dry step of 20. The model simulation time-step was set to 2 seconds.
In the present study, the effects of sediment transport were ignored and the bed simply represented as a solid surface with a uniform bed roughness. Much of the estuary is mantled in fine sediment (<62.5 µm). Physical bedforms are absent in off channel areas of the estuary due to low ambient energy and minor tidal currents, only bioturbation (biological bed disturbance, mainly callianassid shrimp) is observed.
Mounds from biological activity approximately 2cm high were observed by Taylor (2000) . Bedforms are likely to be present in the lower estuary region near the mouth, however presently there are no published data from which to base roughness estimates in this region. Tidal currents have scoured the bed along most of the main estuary channel in the central estuary region. Based upon the information available, bed roughness was uniformly set to 2cm across the model domain to account for the presence of burrows and worm casts.
Atmospheric conditions were simulated using half-hourly wind velocity data collected within the lower estuary at Fort Denison (BoM) (Figure 2c .) and applied uniformly to the entire grid. This was deemed appropriate for the present study since winds were light to moderate for the duration of the event. The effects of sheltering by local topography were not addressed in the present study and additional atmospheric data (i.e. radiation) were not available. For future studies addressing events where winds velocities were more significant (consistently >20 knots) a spatially varying wind file will be applied to the model grid.
Wave activity associated with ocean swells is typically limited to the lower estuary within 4 km of the mouth. Consequently the influence of ocean waves is not addressed in the present study. Local wind wave amplitudes are typically less than 40 cm during periods of high (> 30 knot) wind (Birch and O'Hea, 2007) . Presently, the EFDC model framework accounts for action of wind by considering the effect of wind stress at the free surface. In future, a wind-wave model (i.e. SWAN) may be linked to the EFDC model of the estuary.
Initial conditions for salinity were based on measurements collected during quiescent conditions (Hatje et al. 2001a Fresh water discharge was simulated by applying a number of pointdischarges to the model domain. Flow boundary positions, representing tributaries and stormwater outlets, were identified from estuary maps, aerial photographs and visual observations. Field-measured base-flow data were applied to replicate fresh-water supply during quiescent conditions (Rochford, 2008; Birch and Rochford, 2010) . The
Model for Urban Stormwater Improvement Conceptualisation (MUSIC) was used to predict base-flow for subcatchments where field measured data were not available (Rochford, 2008; Birch and Rochford, 2010 ).
An empirical method used successfully in local studies (Rochford, 2008; Birch and Rochford, 2010; Davis, 2010; Davis and Birch, in press ) was utilised to calculate runoff rates associated with high-precipitation events. A simplified version of the
Rational Method for calculating discharge is provided in Equation 1
Eqn 1
Q is the daily runoff rate in m 3 /s, ϕ is the runoff coefficient (R.C)
i is the average rainfall intensity (m/s)
A is the subcatchment area (m 2 )
As previously mentioned, rainfall patterns throughout the catchment can be spatially and temporally variable. Davis (2010) reported high spatial variability in rainfall measurements collected within a single subcatchment (Iron Cove, Sydney, Australia) over several different rainfall events from sites 4 km apart. In past studies, annual average rainfall measurements at sites across the catchment have been used to construct precipitation scaling factors for the entire Sydney catchment (Cruickshank, 2006; Birch and Cruickshank, 2010; Rochford 2008; Birch and Rochford, 2010) . The scaling method proved useful in the construction of long term (decadal) predictive models yet this approach is inappropriate for determining rainfall in subcatchments for particular high-precipitation events for specific days of the year which is the primary interest of the present study. For this reason measured rainfall obtained from gauges within individual subcatchments were used to calculate runoff rates. For subcatchments where no rain gauge measurements were available, rainfall data were taken from the nearest rain gauge or gauges (typically within 3km of subcatchment boundaries). Rain gauge locations within the catchment are displayed in Figure 1 . The effects of fluctuations in storm intensity on scales smaller than 24 hours were not considered since higher resolution rainfall data were not available for the majority of rain gauges. Rainfall intensity was assumed to be constant over a 24-hour period, thus from equation 1, i = Daily Rainfall (m)/86400(s).
R.C data were obtained for 19 of the 70 estuary subcatchments from Ferguson et al. (1995) and AWT Ensight (1996) . The use of constant R.Cs to determine runoff rates in urban catchments has been challenged over the past decade. Bucciu and Paoletti (2000) showed that rather than being a constant value, ϕ (from equation 2) is variable, even for highly-urbanised catchments where impervious area was greater than 90%. Davis (2010) revealed an incremental relationship between rainfall and runoff with the R.C varying from 0.35 for rainfall events < 6mm/day to 0.97 for rainfall events > 20mm/day within the Iron Cove Creek subcatchment. The lack of runoff measurements from estuary tributaries, replicating stormwater discharge remains a major hurdle in accurately modelling fresh-water plume behaviour. In the absence of field-measured data, or a verified catchment runoff model for the system, four rainfall/runoff scenarios have been assessed by comparing modelled salinity distributions generated under the different rainfall/runoff regimes with field data collected throughout the estuary.
Model Calibration
The initial parameters used for bottom roughness (2cm), horizontal momentum Comparison of water level files at Fort Denison gave an RMSE of 1cm. The higher bed roughness applied in the lower estuary affected discharge and current speeds in this region, however due to the lack of published data relating to bed roughness the uniform roughness model was utilised in the present study given the differences were not significant throughout most of the system.
Altering the vertical eddy viscosity by 3 orders of magnitude had no measurable effect on water level, discharge, velocity and salinity predictions.
Similarly, sensitivity tests applying HMD values between 0.1 m 2 /s and 0.25m 2 /s revealed little impact on modelled water velocity with predicted velocities varying by less than 1 cm/s. Altering the HMD by up to a factor of 2.5 resulted in small changes in predicted salinity (≤ 1).
Changing the vertical molecular diffusivity (VMD) by up to 4 orders of magnitude had no effect on predicted water levels, cross-sectional discharge and current velocities but predicted salinities were altered. Given that there is no long term monitoring of runoff and estuary response, calibration was tested by running the model using an initial salinity file generated from data collected throughout the estuary following high rainfall when stratification was already present.
Initial salinity conditions for the VMD calibration model runs were generated . In future it would be prudent to readdress the calibration of the VMD when longer-term field data relating measured runoff rates to measured estuarine conditions becomes available.
Model Verification
The model generated accurate results for water level, discharge, velocity (Fig. 3) and salinity despite the small amount of data available for calibration. Turning base-flow on and off did not affect results achieved for these parameters. This is likely due to the low base-flow rates associated with quiescent conditions.
Water Level
A comparison of measured water levels from Fort Denison and the modelled water level at the corresponding grid cell over a 15-day period, from the 10 th to the 25 th of
February 2007 is displayed in Figure 3a . Root mean square error (RMSE) = 0.09m. T 8 and T 9 ). All three transects cross busy transport corridors making data collection problematic. The ADCP occasionally lifted out of the water column due to large wake waves associated with shipping and public transport vessels causing data to be lost.
Cross-sectional Discharge
For all three transects the model predicted higher discharges than were measured by the instrument during maximum semi-diurnal ebb velocities (Figure 3 ). This is likely due to data gaps incurred during field investigations at these locations. Accounting for the difficulties encountered during field investigations the level of agreement is considered adequate and water flow throughout the entire system is represented with sufficient accuracy.
Current Velocity
Figure 3d displays the ADCP current speed data recorded from the upper 12m of the water column measured by the bottom-mounted ADCP located near Balls Head (instrument location displayed in Fig. 2a) . A first-order Butterworth filter (cut-off frequency = 0.167 Hz) was applied to the raw ADCP data to reduce some of the noise generated by anthropogenic activities associated with shipping, etc.
Data extracted from the grid cell encompassing the ADCP location is also displayed. The model run used two vertical layers constructed such that thickness of the top layer at the grid cell corresponding to the ADCP site equalled 12m at mid tide.
Modelled current speeds were within 5cm of measured current speed data 88% of the time and RMSE = 3.2 cm/s or 28% with respect to the mean velocity reported by the ADCP. Agreement between predicted and measured current speed throughout the system is summarised in Table 1 . Difference between modelled and measured current speeds throughout the system were less than +/-5cm/s, 88% of the time and RMSE = 3.1 cm/s. These results demonstrate that the hydrodynamic model is capable of replicating currents throughout the entire estuary.
Modelling Investigations of the April 2007 High-Precipitation Event.
Four different rainfall runoff scenarios were used to determine the potential runoff to the estuary resulting from the April 2007 high precipitation event. These scenarios are Following the determination of the appropriate flow boundary conditions the computation period was extended, assuming no further rain fell in the catchment, in order to predict the time taken for the system to return to quiescent conditions. 
Results
Catchment Conditions, Rainfall Distribution
Estuary Conditions
Salinity data
Results from the CTD instrument revealed a fresh-water plume was generated primarily in response to rainfall on the 24 th of April 2007. Salinity was lowest at the top of the water column at all sites on all three days (25 th , 26 th and 28 th ) of monitoring.
The fresh water influence was most pronounced in the upper estuary, and in the Lane Cove River.
Salinity profiles collected in the main estuary channel upstream of Site 26 (the Gladesville Bridge) on the 25 th of April showed clear stratification at deeper water sites. By contrast where water depth was less than 6m, the salinity gradient was approximately linear, suggesting more interaction between fresh and marine waters in shallower areas.
Initially (25 th of April), lower salinities were limited to the upper ~2m of the water column. Results one and three days later indicated that fresh water became entrained down the water column mixing with the underlying marine water (Fig 6c   and 6e) . The front (28 < salinity < 31.5) also migrated approximately 1.5 km further down-estuary over this period.
Model Results
Agreement between modelled and measured estuary salinity for all four rainfall/runoff scenarios are presented in Table 2 . with the corresponding field salinity profiles from these locations.
From Table 2 and Figure 7 it can be seen that the regimes using reported runoff coefficients to calculate runoff rates (Scenarios 1 and 2), most accurately reproduced monitored fresh-water plume behaviour for this event. When saturation of the catchment was considered in determining runoff rates (Scenario 3) fresh water was over-supplied to the estuary (Figure 7) . The Scenario 4 model run achieved salinities close to those measured throughout most of the system excepting in the upper estuary where the amount of fresh-water was over-predicted ( Figure 7 ). Model results of plume behaviour 6, 13 and 21 days following high precipitation (Figures 6g, 6h and 6i) demonstrated that fresh water mixed with the underlying marine water inside the estuary gradually flushing from the system in a heavily diluted form (31.5 < salinity < 35).
In investigating the time taken for the system to return to quiescent conditions, it was assumed that the system was well-mixed once salinity variation between the top and bottom of the water column was below 2 PSU and predicted depth-averaged salinities were within 1 PSU of values reported by Hatje (2001) . Model results
showed that in the absence of further rainfall, the estuary took between 21 and 24 days to return to quiescent conditions following the April 2007 high-precipitation event.
Discussion
Catchment Conditions, Rainfall Distribution
Rainfall varied both throughout the Sydney catchment, and within individual subcatchments demonstrating the typical localised nature of precipitation in the Sydney area.
Estuary Conditions
Field measured salinity distributions
Results obtained for the upper estuary agree with those presented in the Wolanski study (Wolanski, 1977) . The present measurements showed fresh water occupied a slightly increased portion of the water column than previously reported. This is likely due to the higher rainfall associated with this event (~50 mm/day) compared with that described in the former paper (Maximum daily rainfall = 30mm). The limited horizontal movement of the plume after the 25 th of April suggests that the plume is unlikely to reach the mouth as a distinct surface-water layer given that rainfall ceased and as such any further downstream movement would have been driven by tidal processes. This supposition could not be confirmed based only upon the limited temporal field data.
Model Predicted Salinity Distributions
Modelling investigations showed that the incremental runoff coefficient trend observed by Davis (2010) higher daily rainfall and storm duration longer than that witnessed in the present study.
Whilst using I.A as a substitute for the runoff coefficients to determine runoff to the estuary (Scenario 4) did not produce as accurate results as those using reported runoff coefficients, the resulting salinity distributions were similar to field data throughout most of the system. This method may prove useful when determining runoff from urban environments where little catchment data is available.
The close agreement between Scenario 1 and Scenario 2 model results showed that runoff from the minor subcatchments had minimal effect on estuarine salinity.
From modelling studies it was found that the plume dispersed within the estuary. Initially fresh-water was largely contained within the upper 2m of the water there is more interaction between the plume and the underlying estuarine waters than was previously recognized. This discovery has implications for estuary managers addressing the health of the system since there is likely to be more opportunity for estuarine organisms and bottom sediment to interact with stormwater associated contaminants than had been previously acknowledged.
Conclusions
Estuary stratification resulting from the April 2007 high-precipitation event was short lived. Runoff volumes returned to near base-flow conditions within two days of the high-precipitation event after which time plume migration relied upon tidal forcing.
Over successive tidal cycles the lower-salinity surface-water plume became entrained down the water column. Fresh water supplied to the estuary migrated out of the system in a heavily diluted state (31.5 < salinity < 35 PSU) due to tidal forcing and the system returned to well-mixed conditions after 3 weeks. The plume did not rapidly escape the estuary as a defined upper-fresh-water layer as was previously thought. Rather, stormwater runoff mixed with underlying estuarine water before eventually flushing from the system.
In this study, a verified hydrodynamic model proved a valuable tool to investigate estuarine response to different fresh water supply conditions. In conjunction with modelling investigations, measured estuarine response was successfully used to determine likely catchment discharge associated with the April 2007 high-precipitation event. Using estuarine data to determine catchment discharge is a novel method which may prove useful in investigations of other systems where little data on fresh-water flows from the catchment are available.
Best estimations of runoff were determined using reported R.C data.
Modelling experiments showed that if R.C data were not available, substituting subcatchment percent impervious area (I.A) for the runoff coefficient in runoff rate calculations provided a good first step toward understanding flow from the catchment in response to the high-precipitation event. The latter method may prove useful when investigating other systems where information on urban subcatchment conditions is limited.
Model results showed that soil saturation did not contribute to increased catchment runoff for this event. Further investigation is required to determine the impact of soil saturation on runoff volumes generated by other events where rainfall is higher, or storm duration longer.
The model described in the present study provides an initial step toward a better understanding of the ecosystem and estuarine response to high precipitation in the catchment and is a valuable tool which will be used for further investigations to predict transport of sediment and contaminants associated with stormwater runoff.
Additionally, the model may be used to the test the effectiveness of different stormwater management and remediation options, providing managing authorities with a tool to assist in the determination of effective strategies to improve estuarine health. 4b.
4c. Figure 5 . Surface-water salinity maps generated from field data measured 0.5m below the waters surface (5a, 5c and 5e) and corresponding maps of the difference between measured and modelled salinity 0.5m below the waters surface (5b, 5d and 5f). . Surface-water salinity maps generated from field data measured 0.5m below the waters surface (5a, 5c and 5e) and corresponding maps of the difference between measured and modelled salinity 0.5m below the waters surface (5b, 5d and 5f). Table Captions   Table 1 . Agreement between field and modelled current speed data. Table 2 . Agreement between field and modelled salinity data
